Treponema denticola is considered an important oral pathogen in the development and progression of periodontal diseases. In the present study, the mechanisms of recognition and activation of murine macrophages by T. denticola and its major outer sheath protein (MSP) and lipooligosaccharide (LOS or glycolipid) were investigated. T. denticola cells and the MSP induced innate immune responses through TLR2-MyD88, whereas LOS induced a macrophage response through TLR4-MyD88. The presence of gamma interferon (IFN-␥), or of high numbers of T. denticola, circumvented the requirement for TLR2 for the macrophage response to T. denticola, although the response was still dependent on MyD88. In contrast, synergy with IFN-␥ did not alter the TLR dependence of the response to the T. denticola surface components LOS and MSP, despite enhanced sensitivity. These data suggest that although there is flexibility in the requirements for recognition of T. denticola cells (TLR2 dependent or independent), MyD88 is a requirement for the downstream signaling events that lead to inflammation. We also demonstrate that both outer sheath molecules LOS and MSP induce macrophage tolerance to further stimulation with enterobacterial lipopolysaccharide. Tolerance induced by T. denticola components during mixed infections may represent a general mechanism through which bacteria evade clearance.
Treponema denticola, an oral spirochete, is part of the microbial anaerobic flora linked to inflammatory diseases within the oral cavity (41) . T. denticola is associated with periodontal disease (45) , necrotizing ulcerative gingivitis (33) , and acute pericoronitis (54) . In addition, high numbers of spirochetes have been observed at sites of failing implants and endodontic infections (7, 27) .
Toll-like receptors (TLRs) are key pathogen recognition molecules of innate immunity, the first line of defense against bacterial infection. TLR activation leads to nuclear translocation of NF-B and induction of inflammation-related genes important for containing infection (47) . However, dysregulated inflammation leads to massive production of inflammatory mediators, resulting in tissue breakdown, activation of osteoclasts, and subsequent bone resorption within the periodontium. The particular microbial makeup and the amount of subgingival oral biofilm are critical determinants of the magnitude and character of the host inflammatory response.
Individual TLRs recognize particular surface or intracellular microbial molecules (47) . For instance, TLR4 recognizes gram-negative lipopolysaccharide (LPS), whereas TLR2, as a heterodimer with TLR1 or TLR6, recognizes a diversity of bacterial products, including lipopeptides, peptidoglycans, lipoteichoic acid, and unmodified protein structures (46) . It has been reported that TLR2 is critical for human gingival epithelial cells (2) and human macrophages (37) to recognize and respond to T. denticola cells. Macrophage activation through TLR2 leads to upregulation of mitogen-activated protein kinase extracellular signal-related kinase 1/2 (ERK1/2) and p38 (37) , leading to production of both pro-and anti-inflammatory cytokines. Nevertheless, the particular T. denticola molecules responsible for TLR-dependent macrophage activation have not been identified.
Previous work in our laboratory showed that T. denticola ATCC 35404 possesses a membrane-associated lipooligosaccharide (LOS) in addition to lipoproteins. The structure of the T. denticola outer membrane LOS is distinct from that of enterobacterial LPS. Chemical analysis places this molecule closer to lipoteichoic acids of gram-positive bacteria, whereas the biophysical membrane behavior of T. denticola LOS is similar to that of LPSs of gram-negative bacteria. Schulz et al. (40) proposed that the chemical structure of this outer sheath glycolipid consists of a glycerol-based lipid connected with a few core sugars and phosphate-mediated repeating units. We showed that T. denticola purified LOS (or glycolipid) and a Triton X-114-enriched delipidated lipoprotein fraction extracted from T. denticola produced a concentration-dependent induction of nitric oxide (NO) and tumor necrosis factor alpha (TNF-␣) production from murine macrophages, supporting their role as mediators of the host inflammatory response to these spirochetes (36) . Recently, Tanabe et al. (48) reported that T. denticola LOS induced significant production of inflammatory mediators by gingival fibroblasts and enhanced the expression and/or phosphorylation of several signaling proteins. Purified glycolipids from other treponemal species, such as Treponema maltophilum (associated with periodontitis in humans) and Treponema brennaborense (found in bovine cattle disease), are also able to activate NF-B in murine macrophages. T. maltophilum glycolipid activation appears to be dependent on TLR2, whereas signaling induced by T. brennaborense glycolipids apparently requires both TLR2 and TLR4 (32).
The major outer sheath protein (MSP) of T. denticola mediates spirochete adhesion to extracellular matrix proteins (11, 15) and serves as an important virulence factor. MSP induces cytopathic effects in epithelial cells (14) and causes actin rearrangement and disrupted calcium signaling in human gingival fibroblasts (53) . In gingival fibroblasts, MSP induces phosphorylation of multiple kinases, including p38 and ERK1/2 (22) .
The aim of the present study was to characterize the TLRs involved in the stimulation of macrophages exposed to T. denticola versus exposure to its outer sheath components LOS and MSP. Since T. denticola is often present chronically as a constituent of the oral biofilm, we also investigated whether exposure to these surface molecules would induce tolerance to subsequent reactivation either by the same molecules or by gram-negative LPS, a phenomenon known as cross-tolerance.
(The research reported here was done in partial fulfillment of the M.Sc. degree requirements for S. Ben-Adi.)
MATERIALS AND METHODS
Bacterial strains and culture conditions. T. denticola was grown in GM-1 medium at 37°C under anaerobic conditions (85% N 2 -10% H 2 -5% CO 2 ). Cells were harvested by centrifugation at 9,000 ϫ g for 20 min and washed three times with phosphate-buffered saline (PBS) before the preparation of MSP or LOS. To prepare heat-killed T. denticola cells, we washed them and heated them at 60°C for 1 h.
Extraction and purification of T. denticola LOS (glycolipid). Extraction and purification of T. denticola LOS were performed as described before (36) . Briefly, after phenol-water extraction of treponemes, the water phase was submitted to enzymatic digestion with DNase, RNase, and then proteinase K. The sample was then submitted to hydrophobic chromatography as described before (42) .
Preparation of the MSP complex. The native MSP complex was prepared as reported by Mathers et al. (29) . A protease-and peptidase-free aqueous suspension was obtained that was enriched for a high-molecular-weight complex of MSP which could be dissociated into a 53-kDa monomer upon boiling. The MSP complex was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and either stained with Coomassie blue or subjected to Western immunoblotting and probed with anti-53-kDa polypeptide antibodies. Affinity-purified rabbit polyclonal antibodies directed against the purified 53-kDa polypeptide were generated as previously described (35) . Immunoblots were detected with anti-rabbit antiserum linked to alkaline phosphatase (Sigma).
Mice. C57BL/6 mice were purchased from Harlan (Jerusalem, Israel), and C57BL/10 and C57BL/10ScN (TLR4 deleted) mice were purchased from Jackson (Bar Harbor, ME). TLR2 Ϫ/Ϫ mice backcrossed to the C57BL/6 nonstimulated control were a kind gift from S. Akira and were bred in the Hebrew University specific-pathogen-free facility. All mouse studies were done with the approval of the Hebrew University IACUC.
Cell culture. RAW 264.7 cells were cultured in Dulbecco modified Eagle medium containing 10% fetal calf serum, 1% L-glutamine, and 1% penicillinstreptomycin. Mouse bone marrow-derived macrophages were obtained by flushing femurs and tibias of 8-to 12-week-old mice with ice-cold PBS. Cells were washed and incubated in medium containing 5% heat-inactivated horse serum, 15% fetal calf serum (Kibbutz Beit HaEmek, Israel), 15% L929 cell-conditioned medium, and 65% RPMI 1640 medium supplemented with penicillin (120 mg/ liter), streptomycin (270 mg/liter), 1 mM sodium pyruvate, 2 mM L-glutamine, and nonessential amino acids (10 ml/liter, 100ϫ). After 7 to 8 days of cultivation, adherent bone marrow-derived macrophages were detached by incubation with ice-cold Ca Cytokine measurements. Levels of TNF-␣ in macrophage culture supernatants were determined with mouse OptEIA sets (BD Biosciences) according to the manufacturer's instructions.
Measurement of nitrite production. The amount of NO released by macrophages was assessed by determining the concentration of nitrite (NO 2 Ϫ ) in the culture supernatant with the Griess reaction (9) . Briefly, 100 l of Griess reagent (1% sulfanilamide-0.1% naphthylene diamine dihydrochloride-2.5% H 3 PO 4 ; Sigma) was added to 100 l of supernatant in triplicate wells of 96-well plates. The plates were read at 550 nm against a standard curve of NaNO 2 (Sigma) in culture medium. The results show micromoles of NO 2 Ϫ per milliliter.
Endotoxin analysis. MSP and LOS were assayed for the presence of endotoxin activity by the Limulus amoebocyte lysate assay (kinetic turbidimetric method; Biological Industries). Endotoxin activities of 0.031 and 0.76 ng/g were found for MSP and LOS, respectively.
Statistical analysis. Data are reported as means Ϯ standard deviations (SD). Comparisons were made with the unpaired Student t test.
RESULTS
Macrophage activation by T. denticola is partially TLR2 dependent and requires MyD88. The mechanisms of recognition and activation of murine macrophages by T. denticola cells were investigated. Starting from a multiplicity of infection (MOI) of 10, T. denticola cells induced TNF-␣ production ( Fig.  1A ), whereas NO production was not observed (Fig. 1B) . Since NO production is regulated by interactions between bacterial products and host-produced IFN-␥ (38), we tested the effect of infecting the macrophages with T. denticola in the presence of IFN-␥. The synergistic interaction between IFN-␥ and T. denticola led to NO production at all of the MOIs tested (Fig. 1B) and also increased the production of TNF-␣ (Fig. 1A) . Thus, synergy between T. denticola and host factors leads to greatly enhanced macrophage sensitivity.
To identify the role of TLRs in response to T. denticola cells, wild-type (WT), TLR2
Ϫ/Ϫ , TLR4 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ bone marrow-derived macrophages were isolated and stimulated in vitro with spirochetes. At an MOI of 10, WT and TLR4 Ϫ/Ϫ macrophages showed a significant increase in TNF-␣ production compared to TLR2 Ϫ/Ϫ cells ( Fig. 2 , P Ͻ 0.05). However, when the MOI was increased to 100, induction of TNF-␣ was similar in both TLR2
Ϫ/Ϫ and TLR4 Ϫ/Ϫ cells. Furthermore, the presence of IFN-␥ significantly increased the sensitivity of TLR2 Ϫ/Ϫ cells so that they produced TNF-␣ in response to an MOI of 10 (P Ͻ 0.05). In the absence of TLR2, a threshold of Ն100 bacteria per cell was required to induce macrophage activation, whereas WT cells responded to Ͻ20 bacteria/cell (Fig. 2B) . As expected, IFN-␥ alone did not induce TNF-␣ production from macrophages of any of the murine strains, whereas LPS induced TNF-␣ production in a TLR4-MyD88 dependent manner (Fig. 2C) . These results suggest that T. denticola can stimulate macrophages through TLR2 or an additional receptor and that recognition depends on the number of spirochetes interacting with the macrophages and the level of IFN-␥ present at the site of infection.
We next investigated the involvement of MyD88, a downstream signaling molecule of TLRs, in the macrophage response to T. denticola infection. As shown in Fig. 2A , cells deficient in MyD88 did not produce measurable levels of TNF-␣ upon stimulation with T. denticola at any of the MOIs tested. Furthermore, synergy with IFN-␥ did not overcome the requirement for MyD88 in the macrophage response. These data suggest that although there is flexibility in the requirements for recognition of T. denticola cells (TLR2 dependent or independent), MyD88 is a requirement for the downstream signaling events that lead to inflammatory cytokine production.
Surface components of T. denticola activate macrophages. To determine the mechanisms by which surface components of T. denticola activate macrophages, we purified the T. denticola outer sheath LOS and MSP complex. RAW 264.7 macrophages stimulated with T. denticola LOS produced TNF-␣ (Fig. 3A) and NO (Fig. 3B ) in a concentration-dependent manner. Synergy with IFN-␥ greatly enhanced the sensitivity of macrophages to LOS stimulation. As expected, the majority of this effect is seen for production of NO; however, TNF-␣ production is also enhanced by costimulation with IFN-␥ (Fig.  3A) . Macrophage activation by LOS, alone or with IFN-␥, was inhibited by polymyxin B (Fig. 3B) .
We next purified MSP from T. denticola cells. A highly enriched preparation contained primarily MSP, which migrated as an oligomer of 110 to 150 kDa and a 240-kDa protein band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis when an unheated fraction was analyzed (Fig. 4A,  lane a) . Following boiling, a 53-kDa monomeric form of MSP was detected (Fig. 4A, lane b) . Immunoblots of the preparation with antibodies against the 53-kDa monomer reacted with the 110-to 150-kDa oligomer in addition to the 53-kDa monomer (Fig. 4B, lanes a and b) . Further identification of MSP was performed by tandem mass spectrometry (Fig. 5) . Both the preparation of the MSP complex and the 110-to 150-kDa protein band excised from the gel were analyzed. In both The MSP complex induced macrophages to secrete TNF-␣ in a dose-dependent manner, and the response to lower concentrations of MSP was enhanced by IFN-␥ (Fig. 6A) . NO production was also observed but required the presence of IFN-␥ (Fig. 6B) . In contrast to NO stimulation induced by LOS, MSP-mediated NO induction was not inhibited by polymyxin B (Fig. 6B) .
TLR4 is required for the macrophage response to T. denticola LOS, whereas TLR2 is required for the response to MSP. Next, we addressed the influence of TLR2, TLR4, and MyD88 expression on cytokine and NO induction by T. denticola surface molecules. Bone marrow-derived macrophages from WT, TLR2 Ϫ/Ϫ , TLR4 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice were stimulated independently by T. denticola LOS and MSP. The response to LOS was diminished or absent in TLR4 Ϫ/Ϫ macrophages compared to that in WT cells, whereas TLR2
Ϫ/Ϫ cells responded similarly to WT macrophages ( Fig. 7A and B) . In the case of TNF-␣ and NO production, IFN-␥ costimulation increased macrophage sensitivity; however, the TLR4 dependence of the response was not altered for NO production (Fig. 7B) , whereas TLR4-deficient macrophages did produce some TNF-␣ in response to IFN-␥-LOS costimulation (Fig. 7A) . In all cases, the response was absent in MyD88 Ϫ/Ϫ macrophages. Similarly to T. denticola LOS, Salmonella LPS-induced NO production was also TLR4-MyD88 dependent in the absence and presence of IFN-␥ (Fig. 7C) . Thus, the macrophage cytokine and NO responses to T. denticola LOS are governed by a TLR4-MyD88 pathway.
In contrast to T. denticola LOS, the macrophage cytokine and NO response to T. denticola MSP was absent in TLR2-deficient bone marrow-derived macrophages but TLR4-deficient cells responded in a fashion similar to that of WT cells ( Fig. 8A and B) . The macrophage response to MSP required the signaling molecule MyD88, and costimulation with IFN-␥ did not impact upon the TLR2-MyD88 dependence of the response to MSP. Thus, the macrophage cytokine and NO responses to T. denticola MSP are governed by a TLR2-MyD88 signaling pathway.
Both T. denticola LOS and MSP induce tolerance to a subsequent LPS challenge. We next asked whether macrophages interacting with the treponemal surface molecules LOS (TLR4 ligand) and MSP (TLR2 ligand) would become tolerant to a subsequent challenge with LPS, a classic TLR4 ligand. Exposure of macrophages to T. denticola LOS eliminated the induction of NO release upon secondary stimulation with either LOS itself or LPS (Fig. 9A) . MSP, which operates through a different receptor, could also downregulate NO production by subsequent LPS activation (Fig. 9B ). These data suggest that both LOS and MSP induce macrophage tolerance against a subsequent LPS challenge.
DISCUSSION
The host inflammatory response to oral bacteria drives destruction of the periodontium, the supporting tissue of the teeth. Here we show that innate immune TLRs, and in particular the intracellular TLR and interleukin-1/interleukin-18 Rc adaptor protein MyD88, play a crucial role in directing inflam- mation in response to the oral spirochete T. denticola. Spirochetes are part of the normal subgingival microbiota; however, their numbers increase drastically in diseased sites, where the sulcular epithelial layer loses its attachment to the teeth and bacterial products gain access to the underlying connective tissue (51) . Electron microscopic studies of periodontal tissues in advanced periodontitis have also demonstrated that spirochetes penetrate to these deeper tissues (24) . In parallel, many studies have demonstrated enhanced TLR expression in diseased versus healthy periodontal tissue, in particular, TLR2 and TLR4 (3, 30, 31) . Understanding the specific recognition pathways utilized by the host to respond to T. denticola and its components will contribute to a greater understanding of its role in the inflammation that causes tissue destruction. Previous studies showed that T. denticola is detected by host TLR2, resulting in host cell activation (2, 37) . In the present study, we demonstrated that T. denticola is detected predominantly by a TLR2-MyD88 signaling pathway (Fig. 2) ; however, in the presence of IFN-␥, or of high numbers of treponemes, the response to T. denticola occurs in a TLR2-independent but MyD88-dependent manner. The present data also show that macrophage activation by two outer sheath T. denticola components, LOS and MSP, occurs through TLR4-MyD88 and TLR2-MyD88, respectively. In addition, both LOS and MSP are able to induce macrophage tolerance to subsequent activation through TLR4 by enterobacterial LPS.
During chronic inflammation such as periodontitis, IFN-␥ and other host factors are secreted into the extracellular space and are found at greatly increased levels (13, 25, 49) . Since the host encounters bacteria or their products in the context of these factors, synergistic activation of responding cells is a reasonable expectation. IFN-␥ functions by transcriptional control over a large number of genes that regulate microbicidal activity and acts to amplify the cellular response by synergistic regulation of inflammation-associated genes (20) . In the case of the gene for the inducible form of NO synthetase, induction requires stimulation through the IFN-␥ receptor in addition to TLR activation (23, 50) . Surprisingly, we found that synergy with IFN-␥ overcomes the TLR2 dependence of the host response to whole T. denticola (Fig. 2) . In contrast, synergy does not significantly change the TLR dependence of the response to the isolated T. denticola surface components LOS and MSP, although it does enhance sensitivity to lower concentrations of these molecules ( Fig. 7 and 8 ). These finding suggest that IFN-␥ amplifies the response to T. denticola surface components that are otherwise present on the bacterial surface but not detected. One possibility is that surface membrane LOS acting through TLR4 is sensed only in the presence of IFN-␥; however, in any case, the requirement for the adaptor protein MyD88 suggests that whatever additional surface components are sensed, they are recognized through TLRs. The two outer sheath molecules LOS and MSP may be released by breakdown of T. denticola outer sheaths or spontaneously released from live spirochetes as part of extracellular (Fig. 4) ; B, MSP-enriched preparation. Calculated pI, 6.34. Nominal masses (M r s), 58,703 and 58,233 for panels A and B, respectively. The ion score was calculated as Ϫ10 ϫ log(P), where P is the probability that the observed match is a random event.
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on July 6, 2017 by guest http://iai.asm.org/ vesicles (34). These vesicles are evaginations of the treponemal outer sheath that are 50 to 150 nm in diameter and are released into the surrounding environment. The protein and proteolytic patterns of these extracellular vesicles reveal the presence of high proteolytic activity, MSP, and LOS. It has been reported that the T. denticola surface prolyl-phenylalanine protease present in the extracellular vesicles disrupts epithelial barriers and thereby facilitates access of outer sheath molecules to the underlying connective tissue (8) .
The presence of outer membrane diacylglycerol-containing glycolipids has been reported in different genera of spirochetes (21, 28, 39, 40, 52) . These glycolipids share structural characteristics with lipoteichoic acids of gram-positive bacteria which also contain a diacylglycerol lipid anchor (16) . A diacylglycerol anchor may substitute for lipid A, since homologous genes involved in lipid A biosynthesis are absent in the genomes of Borrelia burgdorferi, Treponema pallidum, or T. denticola (17, 18, 43) . There is an ongoing literature that these outer membrane glycolipids may be important activators of the innate immune system and contributors to the pathogenesis of spirochetal diseases. However, the glycolipids from different microorganisms differ in the capacity to induce cytokines via TLRs and the structural basis of their interaction with the host receptors is still unknown (26) . Glycolipids from T. denticola, T. maltophilum, and T. brennaborense were found to induce the release of proinflammatory cytokines from macrophages. Ac- Ϫ/Ϫ , TLR4 Ϫ/Ϫ , or MyD88 Ϫ/Ϫ mice were stimulated with LOS at the concentrations stated for 24 h in the presence or absence of IFN-␥ (25 U), and the supernatants were assessed for the production of TNF-␣ (A) and nitrite (B). (C) As a control, bone marrow-derived macrophages were stimulated with LPS (1 g/ml) with or without IFN-␥ (25 U) and assessed for nitrite production. The results are expressed as the mean Ϯ SD of triplicate wells, and the data are representative of four independent experiments. Asterisks above the bars indicate significant differences from the nonstimulated control, and significant differences between groups are shown. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01. ND, none detected.
tivation by the T. maltophilum glycolipid was mediated by TLR2, while both TLR2 and TLR4 were involved in cellular activation by the glycolipid of T. brennaborense. In a previous study, we showed that T. denticola LOS produced a concentration-dependent activation of NO and TNF-␣ in murine macrophages which was inhibited by polymyxin B (36) . In the present study, we showed that this activation is dependent on the TLR4-MyD88 signaling pathway.
T. denticola MSP is one of the largest described pore-forming proteins from gram-negative bacteria (12) . Porins from other gram-negative bacteria are known to induce inflammation in mice and enhance the immune response to poorly immunogenic antigens (1, 44) . TLR2 and MyD88 were essential for neisserial PorB-induced B-cell and dendritic cell activation (44) and for macrophage activation by porins from Shigella dysenteriae (4) and Haemophilus influenzae (19) . In the present study, we showed that the TLR2/MyD88 signaling pathway is also critical for T. denticola MSP-induced macrophage activation (Fig. 8A and B) .
Our observation that TLR2 mediates the macrophage responses to MSP and T. denticola at low MOIs suggests that MSP may be the dominant exposed antigen on the T. denticola surface that is detected by macrophages. In fact, the absence of TLR4 does not reduce the macrophage response to T. denticola cells, suggesting that TLR2 activation is sufficient to achieve a maximal effect. Electron microscopic studies have shown that MSP contributes to the regular hexagonal arrays visible in the outer sheath of T. denticola (12) ; however, other studies suggest that MSP is predominantly periplasmic with limited surface exposure (6) . Further work is necessary to define the surface availability of MSP during T. denticola infection and to identify other surface components that may be sensed through TLR2.
Immune tolerance to restimulation has been shown both in In periodontitis, the oral mucosa is continually exposed to a diversity of bacteria and bacterial products, and macrophage tolerance may be one way for the host to downregulate the inflammatory response that leads to tissue destruction (31) . However, a downregulated host response poses the risk of enhanced bacterial survival and replication. We found that exposure of murine macrophages to T. denticola LOS eliminated the induction of NO upon restimulation with either LOS itself or LPS and that tolerance occurred even at subactivating concentrations of LOS (1 g/ml, Fig. 9A ). Since both LPS and LOS utilize the TLR4-MyD88 signaling pathway, LOS-induced tolerance may take place at the level of receptor expression or suppression of signaling molecules, as has been demonstrated for other examples of "homotolerance" (10) . Although induction of NO by MSP required coactivation with IFN-␥ (Fig. 6B ) and depended on TLR2 (Fig. 8) , pretreatment with MSP alone induced tolerance to NO production by subsequent LPS restimulation (Fig. 9B) . Thus, the initial response to T. denticola driven by MSP induces TLR2-TLR4 "heterotolerance" that can affect the innate host response to other T. denticola antigens or to other bacteria. These anti-inflammatory mechanisms may limit tissue damage in the short term during mixed infections like periodontal diseases; however, over time, they may promote bacterial survival.
